The advantages to be derived from a successful application of the photographic method of detecting nuclear particles to the study of the scattering of the high-energy beams of par ticles provided by the cyclotron are discussed. The design of a 'camera' for this purpose is described. The most important feature of the method lies in the fact that a single plate, exposed to the scattered particles for a few minutes, contains the information required for a complete examination of the variation o f the scattered intensity in the angular range from 10 to 170° with the direction of the primary beam. A very great saving is thus effected in the time the cyclotron is occupied in making such experiments as compared with other methods of detection.
The investigation of the scattering of charged particles by atomic nuclei is still one of the most powerful methods of determining the nature of the nuclear forces, and many experiments have been made during the past few years using artificially accelerated protons and deuterons in addition to the a-particles from the natural radioactive elements. As a result it has become clear th at it is important to extend these investigations to the high-energy particles which can be produced only with the cyclotron. Such experiments are attended, however, with considerable diffi culties if counter or expansion-chamber methods of detecting the scattered particles are employed.
The technical difficulties arise from the following causes. In order to make experiments in conditions of good geometry, which, as will be shown later, are highly desirable if the finer details of the scattering processes are to be elucidated, it is necessary to define a narrow beam of particles from the cyclotron with a restricted angle of divergence. The currents then available are at present rather small; of the order of 1()-7 to 10~8 A. Secondly, it is desirable to use thin targets in order to be able to study the dilferent scattering processes in conditions where the primary beam is homogeneous in energy. Otherwise, with thick targets, it is difficult to determine the variation of the efficiency of a particular process with the energy of the primary beam and, further, the particles produced in a nuclear reaction with a definite energy release do not appear as a homogeneous group but have a spread in energy corre sponding to the variation in the energy of the primary beam in traversing the target. In such conditions it is not possible to resolve different groups and to study them individually. With this second restriction the yield of scattered and disintegration particles becomes inconveniently small. The low yield of scattered particles is particularly serious in work with primary beams of fast deuterons when counter methods of detection are employed, because they have to be recorded against a high background of impulses produced by the heavy general neutron flux from the cyclotron tank (Pollard & Watson 1940) . As a consequence of this background the resolving power of the method for groups of different range is restricted even when using proportional counters in coincidence for the detection of the scattered particles. It has been pointed out by Bower & Burcham (1939) that the detection of the scattered particles by the expansion chamber allows high resolving power without serious restriction of solid angle, and Schultz, Davidson & Ott (1940) have used the method to detect the scattered particles resulting from the bombardment of neon by a beam of deuterons with an energy of [3] [4] [5] [6] [7] [8] MeV. Whilst an improved resolving power was thus obtained the method is too laborious to allow a detailed examination of the variation of the scattered intensity with angle to be attempted.
It seemed clear to us that the photographic method of detection offered very great advantages in dealing with this problem. It has been shown (Powell, May, Chadwick & Pickavance 1939 , 1943 ) that the method is reliable for the determination of the energy and the intensity of homogeneous groups of particles, and for the present purpose it has the great advantage that the particles scattered through different angles can all be recorded at the same time, thus eliminating the necessity of monitoring the primary beam. Since the scattered particles of all energies and at all angles of scattering are recorded simultaneously, the time for which the cyclo tron is occupied in making a single exposure is enormously reduced compared with that required for the same investigation using the other methods of detection. Further, the single exposure gives a permanent record of many hundreds of times as many tracks as are required for a satisfactory investigation of the variation of the scattered intensity over the complete angular range from 10 to 170° with the direction of the primary beam. Most of this wealth of experimental material is normally not employed, but any part of it can be used if particular regions of the distribution of the scattered particles show interesting features which it is desirable to examine in detail.
In a previous note (Powell et al. 1940) we have given a preliminary account of the results of experiments on the scattering of protons which show th at these advantages can be realized, our conclusions in this respect being substantially the same as those of Wilkins & Kuerti (1939 and Wilkins (1941) . In this and subsequent papers we give a detailed account of the methods employed and the results obtained for the scattering, by twelve different elements, of 4 MeV protons and 7 MeV deuterons, produced by the Liverpool cyclotron. The great economy which the method effects in the operation time of the cyclotron is illustrated by the fact th at the exposures from which the present results were obtained were all made in two periods each of 3 days. It will be shown th at even in work with deuteron beams the proton recoils produced by the neutron background give rise to no serious difficulties, and th at the experimental width of homogeneous groups of particles appears to be considerably less than that achieved hitherto in similar experiments using counter methods of detection. We would emphasize th at these papers are designed to display the power of the method and to make a rough survey of the field which is thus opened for investigation. They do not constitute a finished investigation, but the results enable us to show the most suitable reactions for a much more detailed study in which experiments will be made over a wide range of energies of the primary particles, and we shall make these experiments when a suitable opportunity occurs.
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. D e s c r ip t io n o f t h e a p p a r a t u s
Wilkins (1941) has described a camera for use with the cyclotron in which sixty-six photographic plates are adjusted radially about a scattering foil, each plate recording particles scattered at a single angle with respect to the primary beam. Sixty-six separate shutters were employed, each of which could be opened and shut during exposure to give a suitable density of tracks on the corresponding plate. We have preferred to use a camera with a single large rectangular plate, and to study the scattering, when possible, from gas 'targets'. The essential features of the method were described in our previous note.
In our design a defined beam from the cyclotron passes down the axis of a tube parallel to, and just above the plane of the rectangular photographic plate. This tube has an interruption through which some of the particles scattered by the gas filling the camera can escape and enter the photographic emulsion a t a glancing angle to the surface. The essential features of this arrangement are shown in figure 1. I t has the advantage that a single plate contains information on the scattering from 10 to 170°, providing regions at any angle of scattering in this range, in which the density of tracks is convenient for counting purposes.
The stray field of the cyclotron magnet cause? a considerable curvature in the path of a beam of ions emerging from the target chamber. The scattering apparatus is therefore placed about 2 ft. from the pole-piece of the magnet, where the stray field is relatively weak, and the beam is brought to it down an evacuated tube, shown in figure 2, which is bolted on to the face of the target chamber. This tube is bent to follow the estimated path of the beam, and has a section of tombac tubing Tv so that it can be moved while the cyclotron is running, until the spot formed by the impact of the beam emerging from the mica window s2 on a fluorescent screen has the maximum brightness and is uniformly illuminated. The entrance stop, sv is 12 mm. in diameter and limits the angular divergence of the beam leaving < s2, which is 3 mm. in diameter, to l 9. The intermediate stops are designed to prevent particles scattered at the walls of the tube from reaching s2. The tube is evacuated, through si and the target chamber, by the main pumps.
The beam, 3 mm. in diameter and with a divergence of 1°, emerges from the stop s2, and enters the tube B (figure 2) which has an internal diameter of 15 mm. This tube can be adjusted by the tombac joint T2 until the beam emerges centrally from the far end as shown by the illuminated patch which it produces on a fluorescent screen. When these adjustments have been made, the screws controlling the move ment of the tombac joints are locked in position so th at the position of tube B is fixed. The scattering apparatus is shown in figure 3 . Tube is a sliding fit on a guide tube carried by the front wall of the camera box. The 'cam era' is mounted on levelling screws on a carriage moving on rails, not shown in figure 3 . The rails are first adjusted to be parallel to the axis of tube B. The carriage is then placed on the rails and the levelling screws defining the disposition of the camera are adjusted until the axis of the guide tube on the camera coincides with the axis of the tube B. The camera can then be moved so th at the tube B enters the guide tube and moves forward until it reaches a position defined by a stop. When this operation has been completed there is a gap of 3 mm., at the point g, figure 3 , between the end of the tube B and the opposing edge of the co-axial tube C. The edges of the two tubes are chamfered externally at the gap gt o a feather edge at an Particles scattered from the beam by the gas filling the camera can emerge through the gap g to enter the emulsion of the plate, 11 x 4 in., which is carried by a plate holder sliding in grooves on the floor of the camera box. The surface of the emulsion is 14-5 mm. below the level of the axis of the tube B and parallel to it. The first stop carried by the tube B, which is 2 mm. in diameter, gives the final definition of the beam. Subsequent stops are clear of the beam and prevent particles scattered by the mica window or by the edges of the stop from reaching the gap g and passing through it. A thin aluminium foil, with an equivalent thickness of 1 cm. of air, covers the gap and prevents light generated by the passage of the beam through the gas from fogging the plate. Copper foils, with an equivalent thickness of 60 and 120 cm. air, can also be rotated into the path of the scattered beam for use in experi ments in which it is desired to examine only the high-energy protons arising from disintegration reactions, when a deuteron beam is being used to bombard certain of the light elements. The disposition of these foils is shown in section in figure 3 d.
An ion collector inside the target chamber and just in front of stop {figure 2) is used to measure the total beam current and to indicate resonance between the magnetic and high-frequency fields of the cyclotron. Only a small fraction of the total beam current, which was generally of the order of 5 x 10-6 A, reaches the tube B where the beam current is of the order of 10-8 A.
It is important that the position of any point on the photographic plate with respect to the mid-point of the gap g shall be known to an accuracy of 0-1 mm. The position of the plate carrier in the camera is defined by a stop, not shown in figure 3 , which comes against the front wall of the camera box. The position of the plate in the carrier is determined, after exposure to the beam, by inserting in place of the usual dark cover slide an alternative slide which has been drilled with a rectangular n et work of holes 0-5 mm. in diameter and 1 cm. apart. This perforated slide is brought to a standard position in the carrier by means of a mark which is brought to coincide with a corresponding mark on the carrier. On exposure to a distant source of light for 1 sec before development a set of fiducial spots is thus imposed on the plate from which the position of any point on the plate relative to the gap can be determined.
The plate carrier is provided with four strong leaf springs which hold the plate down at the four corners and prevent relative movement of the plate and its carrier.
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This also avoids any bending of the photographic plate. For convenience in the microscopic examination the plates are made of glass only 1 mm. thick, and the tension in the gelatine may bend such a large thin plate if it is unconstrained. This is most likely to happen during the evacuation of the camera before the admission of the scattering gas, when the emulsion loses water by evaporation and tends to contract. Before making an exposure, the loaded plate carrier is inserted into the camera, and the dark slide withdrawn through the rear end which is then covered with a brass plate, the joint being made gas-tight with a rubber gasket. The camera box is then exhausted and filled with the gas under investigation, through a side tube. Care is necessary to prevent the emulsion from drying out too rigorously, since this is apt to make the thick emulsions peel off the glass. At the same time it is important to have no water vapour in the scattering volume. It is found that a phosphorus pentoxide boat at the far end of tube C is adequate to keep the gas in the scattering volume dry, the aluminium foil preventing rapid diffusion of water vapour from the emulsion into the scattering volume. The camera is charged by successively filling with the gas and exhausting to the vapour pressure of water until the concentration of air has reached a sufficiently small value.
For experiments with target elements in the form of thin foils, the tubes B and C are withdrawn to increase the width of the gap between them to 38 mm. A foil holder, shown in figure  3b , is then inserted into the open end of tub carries the scattering foil stretched across its end, perpendicular to the axis of the beam. The holder is cut away to allow the scattered particles to be observed in the backward as well as the forward directions. With this arrangement exposures with thin targets of aluminium and boron ha ve been made, and from them we can deter mine the scattering in the angular range from 30 to 80° and from 100 to 145°. This restriction in the angular range is a serious disadvantage, and in future work the design of the foil holder will be modified to allow the scattering over the whole angular range to be examined. where N0 is the number of primary particles which have passed down the tube B in the beam during the exposure, and n is the number of nuclei per c.q. of the gas in the camera. Thus the quantity r3NK<0/A, when corrected by the factor p ' jp for the axis of beam F ig u r e 4. Geom etry o f the scattering system .
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G e o m e t r y o f t h e a p p a r a t u s (<t) Determination of intensity scattered beam
variation of the scattering volume with the value of Y at the point at which the count of NK>e is determined, will give the variation of the intensity of ^he scattered beam with angle. In this analysis the variation of the angle of scattering of the particles reaching a given point of the plate from different points in the scattering volume, and other corrections arising from the width of the gap g, and from the finite cross-section and divergence of the beam have been neglected. We have also assumed that the two tubes B and C are in perfect alinement with one another, and that the edges of the tubes at the gap g are infinitely thin. The experimental tests described below show that these assumptions give a sufficiently close approximation to the actual conditions. A more refined analysis is given in Appendix 1. The analysis shows that the density of tracks at points in the plate corresponding to a given angle of scattering, d, must be expected to vary as 1 /r3. This leads to a very rapid variation of density across the plate. Thus at small values of r the plates are visibly blackened. With the exposures normally employed this blackening extends to a distance of about 2 cm. from the gap at small angles of scattering, and the form of this smudge gives a striking picture of the variation of the intensity of scattering with angle. Counting can be carried out at values of r ranging from 4 to 20 cm., corresponding to a ratio of 125 to 1 in density. This variation gives a con siderable latitude in the value of the exposure required to produce satisfactory plates and allows the scattering at large and small angles to be measured on the same plate in spite of the rapid variation in the intensity with angle. The rapid variation of the density with r makes it desirable to determine r with an accuracy of the order of 01 mm. Thus with r equal to 5 cm., an error of 0-1 mm. in the determination of r gives rise to an error of 1*2 % in the value of the intensity. This is one-half of the statistical error arising from the number of tracks which it is usual to count at any particular value of the angle of scattering. I t is therefore necessary to set the plate in the microscope stage, and to determine the position of the part of the plate being examined with this accuracy.
(6) Determination of the angle of scattering Primary particles passing down the axis of the tube B and scattered through an angle 6 so that they pass through the centre of gap g, trace out a cone which has its apex on the axis at a distance R cot 0 in front of the mid-plane of the gap g, where R is the internal radius of the tubes B and C. This cone cuts the plane of the emulsion in an hyperbola. The hyperbolae for values of 0 at intervals of 2|° have been drpwn on a large-scale map of the plate together with lines of constant distance from the centre of the scattering volume corresponding to any angle of scattering, a point which is taken to be the apex of the cone as described above. A simplified map of this type is shown in figure 5 , and it will be seen that the lines of constant distance are not circles, since the position of the scattering volume varies with the angle of scattering.
In the exposures with foils the mean point of scattering is independent of the angle of scattering, so that lines of constant distance from this point are true circles on the photographic plate, and the lines of constant angle are hyperbolae corresponding to the intersection with the plane of the emulsion of cones with a common apex in the foil. A separate map is constructed for the plates exposed with the scattering foils appropriate to these geometrical conditions.
. E x a m i n a t i o n o f t h e p l a t e s (a) Microscope equipment
The method of processing the plates and measuring the tracks has been discussed in previous papers. Ilford half-tone plates were employed with an emulsion thickness of 50 or 100/6 according to the range of the scattered particles. After development the plates were cut into twenty-four equal pieces, each 1^ by I f in., and covered with a no. 0 cover-slip of thickness 0-1 mm., mounted on Canada balsam. They were examined with a binocular microscope with a 3 mm. apochromat immersion objec tive in conjunction with a x 6 eyepiece. Occasional use was made of x 12 eyepieces for special purposes. 
1----
ROTATION PIN CLAMPING SCREW
F ig u r e 6 . P la te holder for th e m icroscopic ex a m in a tio n o f th e p la tes.
In examining the particles corresponding to any value of the angle of scattering, the appropriate section of the plate is fitted in a small turntable, shown in section and plan in figure 6, which can be clamped to the mechanical stage of the microscope.
The turntable is rotated so th at part of the hyperbola traced on the plate by particles scattered through the angle 6 will be parallel to the X motion of the mechanical stage. The fiducial spot on the plate which lies nearest to the hyperbola for the angle of scattering 6 is brought in+o the field of view of the microscope, and the perpen dicular distance from this spot to the hyperbola is read off from the map (see figure 5) . The Y motion of the mechanical stage is then shifted through this distance so th a t the tracks of particles scattered through the angle 0 lie in the field of view. If the X wheel of the stage is now turned the angle of scattering of the tracks under observation is not altered.
(b) Range distribution of the scattered particles
To determine the distribution in range of the scattered particles, a part of the plate is chosen where the density of tracks is convenient, of the order of three or four per field of view, and the lengths of the tracks are measured against the eyepiece scale. The plate is scanned in the X direction, and the lengths of all tracks which originate in a defined central region of the field of view are measured. The speed of measurement varies greatly with the complexity of the range distribution of the scattered particles, but in simple cases it is of the order of one hundred an hour. The measurements are easier than in the case of the recoil protons in the investigation of neutron beams, since the tracks are all parallel and they start in the surface of the emulsion.
To convert the range of the scattered particles into cm. of standard air, the stop ping power of the emulsion as determined in previous experiments is used; 1/rin the emulsion is taken to be equivalent to 1*46 mm. air. It is possible that small uncontrolled differences in the processes of manufacture may produce small changes in the stopping power for different batches of plates of the same type. We have no evidence for the existence of any significant differences of this kind and they are certainly small. Very accurate measurements of the energy of the particles have not appeared to be necessary in the experiments so far undertaken, and we have not thought it necessary to determine the stopping power of every batch of plates. The observed range must be corrected for the air equivalent thickness of the aluminium foil covering the gap and of the gas between the point of scattering and the point of observation on the plate.
An investigation of the scattering of high-energy particles 11
(c) Intensity measurements To measure the intensity of the scattered particles at a particular angle of scat tering, in cases where the scattered particles are homogeneous in energy, the density of the tracks is determined by setting the plate as above, and turning the eyepiece scale until it is perpendicular to the tracks. The mechanical stage is then moved slowly in the X direction through, say, 4 mm., whilst the tracks crossing the scale are counted. The X motion is then made to return to its original setting and the Y motion is moved through a distance corresponding to the width of the eyepiece scale (0-1 mm.), and the plate is again scanned in the X direction through 4 mm. These operations are repeated until the number of tracks counted at this particular angle is sufficiently great to reduce the statistical error to the desired value. With the exposures normally used the variation in the angle of scattering over an area con taining 1000 tracks is negligible. The value of r, the distance from the centre of the scattering volume to the centre of the scanned area, is read off from the map with an accuracy of 0* 1 mm. Local small irregularities in the surface of the gelatine may cause errors in the determination of the intensity by changing the angle of incidence of the tracks on the surface of the emulsion. To avoid these errors at least four areas are scanned in the way described, at different values of r.
The above methods are satisfactory when the density of tracks is of the order of 200 per mm.2. For higher densities a x 12 eyepiece is used instead of the usual x 6, and only those tracks are counted which cross the central region of the eyepiece scale. For the highest densities the x 12 eyepiece is used in conjunction with a graticule giving a rectangular grid in the field of view such as is used for blood counts. W ith the plate stationary, a map is made of the field of view from which the number of tracks starting in a definite area can be counted. The plate is then moved and another area is mapped in the same way. This method is very laborious, but the usual method is uncertain at high densities because the tracks sometimes cross one another and are difficult to disentangle, and it is sometimes useful to be able to deal with areas of high density.
When the scattered particles at a particular angle are not homogeneous, the above methods may still be employed if the tracks belonging to the different groups can be distinguished by inspection without measuring the length of each one. If, however, the range distribution is complex it becomes necessary to measure the length of every track starting within a definite area of the plate. Figure 7 , for example, shows the distribution in energy of the particles from oxygen and nitrogen bombarded with 7 MeV deuterons. The two lower-range groups in the first case are sufficiently resolved, and can be counted without the measurement of the individual tracks, whereas in the second case the length of every track must be determined.
The nature of the particles producing the different peaks is given in the caption to figure 7, the identification of the different groups as protons, deuterons and a-particles having been confirmed by grain counts in a way to be described in a later paper. The results show the satisfactory resolving power achieved which appears to be considerably superior to that obtained with most of the best counter methods employed hitherto with primary beams of fast deuterons (see, for example, Humphreys & Watson 1941), and equal to that given by the expansion chamber (Schultz & Watson 1940) .
At large values of r, the angles of incidence of the scattered particles on the surface of the emulsion become smaller. As a result there are a number of tracks which suffer small-angle deflexions towards the surface and leave the emulsion before coming to the end of their range. Such tracks can usually be distinguished in th at they have both ends in the surface of the emulsion. If the particles are homogeneous in energy this effect leads to an apparent increase in the straggling of the range distribution curve, but does not affect the determination of the intensity of the scattered beam. The effect is most serious with slow particles and rapidly diminishes in importance as the energy increases, so that with the faster particles smaller angles of approach can be tolerated.
At angles of scattering less than ~ 10® the finite thickness of the chamfered edge of the tubes B and G leads to a decrease in the effective scattering volume which depends on the precise form of the edges of the tubes, and the observed density of tracks becomes correspondingly unreliable. With the apparatus in its present form, measurements cannot be made, therefore, below 10° and above 170°. 
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B. TESTS OF TH E METHOD
G e n e r a l
A purely qualitative examination of the plates shows that some of the experi mental difficulties have been overcome. In working with protons we have found no recoil tracks in the emulsion due to neutrons generated by the large ion currents in the tank, nor do the associated y-rays and low-energy neutrons produce any appre ciable increase in the general background of grains against which the tracks have to be distinguished. In work with deuterons the plate was shielded from neutrons coming directly from the tank of the cyclotron by boxes of wax placed round the scattering camera. Nevertheless, we find recoil tracks in appreciable numbers, due, we believe, to a localized source of neutrons produced by the impact of the deuteron beam on the brass in the neighbourhood of the stop s2 (see figure 2) . In future experi ments we propose to cover the brass in this region with a foil of a heavy element. The tracks due to particles scattered by the gas or foil must all start in the surface of the emulsion and travel in a known direction. Very few of the neutron recoil tracks fulfil these conditions so that they do not lead to any confusion.
The number of tracks in ' wrong directions ' due to particles scattered by the gas and then by the walls of the camera box is extremely small and gives no difficulty.
J. Chadwick, A. N. May, T. G. Pickavance and C. F. Powell 6. A n g u l a r v a r ia t io n o f t h e e n e r g y o f e l a s t ic a l l y s c a t t e r e d p r o t o n s
A satisfactory check on certain aspects of the method is provided by an investiga tion of the variation with the angle of scattering of the energy of protons, scattered elastically by the light elements. The energy, of particles of initial energy E0 and mass m, after being scattered elastically through the angle by a nucleus of mass M, is given by the equation:
This relation c.an best be tested by means of the plates showing the scattering of hydrogen, deuterium and helium. The hydrogen exposure was taken with com mercial hydrogen from a cylinder, the camera being filled to a pressure of 1 atm. The scattered protons have sufficient energy to penetrate the aluminium foil over the gap at angles of scattering less than 60° and give measurable tracks below 50°. The density of tracks on this plate is rather high, so th at scattering at small angles has to be investigated at the greatest possible values of This, taken in conjunction with the high gas pressure and the fact th at the gas contained a small quantity of oxygen, causes an unusually large apparent straggling in the observed range dis tribution at small values of 6. Above 25°, however, the proportion of tracks due to scattering from oxygen falls to less than 20 %, and the measurements between 25 and 50° are satisfactory. The results are shown in figure 8 and are in good agreement with the relation (2).
The deuterium used lor the first experiments with this gas was very impure, con taining both light hydrogen and oxygen in appreciable quantities. As a consequence we find in general three resolved group* of tracks at any angle of scattering, 6, of which the range varies with angle of scattering in the manner shown in figure 9 . The protons scattered from oxygen vary only slowly with the angle of scattering, and the line through the experimental points for this group (curve a) follows closely that predicted by equation (2) if M is put equal to 16. Curve b is drawn from the results of putting M equal to 2, in equation (2), and the appropriate experimental points for protons scattered by deuterium lie on this line within the limits of experi mental error. Finally, curve c passes through points corresponding to a third group of particles. Curve c is calculated on the assumption th at these tracks are due to deuterons thrown forward by the impact of the primary protons, and the agreement between the observed and calculated values shows that the assumption is correct. Similar experiments with helium as the scattering gas also give close agreement between the experimentally observed values and those predicted by equation (2) when M is put equal to 4. These measurements demonstrate that the observed tracks arise from single scattering in the gas and that the effects, on the observed range distributions, of multiple scattering and of scattering from the edges of stops, are negligible. They give a very direct check on the range-energy relation for the emulsion, and illustrate the power of the method by the ease with which the processes responsible for the different scattered groups can be identified. Chadwick, A. N. May, T. G. Pickavance and C. F. Powell 
J.
V a r ia t io n o f t r a c k d e n s i t y w it h d i s t a n c e FROM THE POINT OF SCATTERING
It follows from equation (1) has been verified in a large number of cases. In the case of the scattering of 4 MeV protons by hydrogen, experiments were made over a particular large range of r, from r = 7-6 to r -1 8-1 cm. These measurements were made by two obs using the methods already discussed. The results are shown in figure 10 , in which the corrected value of the quantity rznjA is plotted against r. It will be seen th at the differences from the mean are rather larger than the expected statistical fluctuations but do not show systematic change with r.
A c c u r a c y o f t h e i n t e n s i t y d e t e r m i n a t i o n s
In the measurements represented in figure 10 , and in some other cases, we have found discrepancies between the results at a given value of the angle of scattering, but at different values of r, which are larger than would be expected from statistical fluctuations. We ascribe this to irregularities in the surface of the emulsion. If, owing to these irregularities, the surface at any point is inclined at an angle then the particles impinge at a glancing angle (h/r) on the surface. The intensity deduced from the counts, on the assumption th at this angle is h/r, will be in error by a fraction 8r/h. With 8 = ± \°this leads to errors of 20 % at 20 cm. and 10 % at 10 This is about the extreme discrepancy experienced. The error introduced is pro portional to r and is shown in figure 10 graphically. To reduce this source of error, measurements of intensity are always taken at several different values of r, but the probable error of the mean result is still considerably greater than it would be from statistical fluctuation alone. Where measurements have been made over a wide range of r and where this is the main source of error, the observations should be given a weight proportional to 1 /V2 in computing the mean. This leads to a slightly different mean from that deduced by weighting the observations according to the number of tracks counted. These two means are shown in figure 10 . In most of our observations the range of r employed is not so great, and a simple mean of the results at different distances may be used.
A very satisfactory test of the accuracy of the determination of the intensity of the scattered beam and of the general performance of the apparatus is provided by experiments on the scattering of protons and deuterons by the heavy elements, where we must expect the intensity of the scattered beam to follow the Rutherford relationship, I o c cosec4 0/2. Figure 11 shows the results of the experiments on the scattering of 4-0 MeV protons by iodine in the form of CH3I vapour, and by argon. The observed intensity of the scattering at any angle is plotted as a ratio to that expected if the variation in the intensity followed the relation I = obtained with an earlier form of the camera in which there was no provision for observations at angles of scattering greater than 100°. The scattering is Coulombian in the range examined within the limits of statistical error. The reliability of the method is thus confirmed. 
OF DETERMINATION OF THE ANGLES OF SCATTERING
The angular resolving power of the apparatus as calculated from the geometry of the arrangement varies with both r and and is given to a first approximation by the equation
This gives AO = 20' at r = 20 cm., 0 = 15° and A0 = 3*4° at = 5 I t is satisfactory that the resolving power is greater when 0 is small and the variation of the intensity with 0 most rapid. As is shown in Appendix 1 (c) these values of the resolving power are not attained because of the divergence of the primary beam and of the small-angle secondary scattering of the particles by the gas filling the camera, as they move from the gap to the emulsion. A very simple and direct demonstration of the resolving power attained in practice is provided by experiments on the scattering of deuterons by protons.
It is easy to show that when a deuteron beam is scattered by hydrogen, the deuterons cannot be scattered through angles greater than 30°. We therefore expect to find a group of particles which disappears at this angle. The details of the intensity relations will be discussed in a later paper, and it will be shown th at for an ideally sharp angular resolving power we should expect a variation of intensity of this group with angle of the type shown in curve c, figure 12. In fact we observe a variation according to curve b. This smearing out of the sharp features of the angular dis tribution corresponds to a finite angular resolving power of the order of ± 2°, about half of which is due to small-angle scattering in the gas. This is amply sufficient for the resolution of detail occurring in the angular distribution of scattered particles from other elements, although it may lead to errors in intensity measurements when the intensity is varying rapidly with angle as in Rutherford scattering at small angles. This is discussed in Appendix 2 (e).
As a result of our experience in the course of the present work, we have made certain minor improvements in the apparatus. Experiments with deuterons, to be described subsequently, showed the importance of making experiments at a number of different values of the energy of the primary beam using any particular scattering angle of scattering in degrees gas. We have therefore made provision for the introduction of stopping foils into the primary beam so that the primary energy can be immediately changed to any one of a number of values.
In the apparatus as described, the scattering gas fills the whole camera and is not recovered after the exposure. For experiments with rare gases, such as separated isotopes, provision must be made for the recovery of the gas, and in general a i 2-2 sufficient quantity to fill the apparatus to the required pressure is not available. I t is therefore desirable to replace the aluminium foil hitherto used to cover the gap, g, by a mica window so that the collision space between the tubes B and C can be made gas-tight. In order to avoid pressure differences between the two sides of the mica, it is designed to fill the camera with a common gas such as hydrogen at the same pressure as the rare gas filling the collision space.
The new cyclotrons now in course of construction will yield deuteron beams with an energy of the order of from 50 to 100 MeV. One must expect new and unforeseen problems and difficulties in passing from experiments with 10 MeV to those with 100 MeV particles, but it seems reasonable to assume th at the methods described may still be applicable, without major modifications, at considerably higher energies than those of which we have experience. ISiow we introduce co-ordinates r, (j>, fixing the position of'an element of the beam relative to the axis of the scattering tube (figure 13). Then using the suffix 0 to designate the value of any quantity for an element on the axis, it is easily shown th at to the second order in r, h!K = 1 + r sin -a), p'Ip'Q = 1 r cos (}> 72 sin2 (f P ' o + 2po
where a = tan -1 h0/Y0, R is the internal radius of the scattering tube, and 6 is the angle of scattering. Inserting these values in (1) and developing as far as the terms in t2 we obtain r , 27 cos ^ 2 t 2 . ------ If we average this over the cross-section of the beam then the first order terms depend on the distance of the centre of gravity of the beam from the axis. The first term is independent of the co-ordinate X , Y of the point of observation on the plate and therefore does not affect relative intensity determinations. The second depends on p ' 0 which varies from 5 to 10 cm., so th at the extreme error in relative intensity measurements willlie 2£/100, where £ is the displacement of the centre of gravity of the beam from the axis in mm. This reaches 2 % if £ = 1 mm.
To investigate the effect of the second order of terms we assume th at the beam is accurately centred on the axis, is circular in cross-section, and of uniform intensity across the section. Then we average first with respect to < f> and then r.
If we average with respect to then the first order terms in r disappear and the second order terms become 72 . r 2 72 3 cos2 -1 T ; sm C C + -7x + . The correction terms in (3) are small. Thus taking typical values, T = 0*2, R = 0-75, h0 = 1-45, p0, p' 0 = 10, all in cm., 0-2 % and may therefore be safely neglected.
For large values of 6 the scattering occurs at a considerable distance from the defining stop so that the beam may be appreciably broadened. Suppose we take T = 0*5 cm., then the correction terms amount to 1-2 % at 10 cm., and 2*4 % at r -5cm. This is small enough to be neglected. There are several causes of slight variations of the angle of scattering at a fixed point of observation on the plate. First the angular divergence of the primary beam is 1° as given by the geometry of the stop system. It will be rather more than this on account of small-angle scattering in the mica window s and in the gas, but this effect is small. Secondly, the width of the gap g gives a spread in angle of the scattered beam given by Ad = -sintf. r Besides this, however, there is a variation in 6 which is due to the finite diameter of the primary beam, and would be present even with an infinitely thin gap. We have pjX = tan 6. Now p varies across the beam according to equation (2). If rj is extreme value of r sin (j) this leads to an extreme variation of 6 fr the axis given by 1 7J2 cos2 6 2 XR 2 rR cos 6.
This will be less important than (4) at all angles greater than This effect can therefore be neglected.
Finally, we must consider small-angle scattering in the gas between the scattering volume and the point of observation. The root mean square angle of scattering is given in degrees by Z a J ( P L ) J 2 E ,w here Z is the atomic number of the gas, P pressure in atmospheres, L the length traversed in cm., and E the energy of the particle in MeV. This leads to values of the order of 1°.
